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We demonstrate a design for a scanning superconducting quantum interference(8&446)
microscope in which the sample temperature can be varied over a large range. In this design, both
sample and SQUID are in the same vacuum space, separated by a few microns. By firmly anchoring
the SQUID to a low-temperature bath, the sample temperature can be changed while the SQUID
remains superconducting. This allows magnetic imaging at varying sample temperatures with
micron-scale spatial resolution and the sensitivity of a lBwSQUID. We demonstrate this
approach by imaging the temperature dependence of Abrikosov vortices in thin films of the
high-temperature superconductor ,Ba,O,_ 5. We extract the in-plane penetration depth(T)

in our samples from these measurements. 1999 American Institute of Physics.
[S0003-695(199)04026-1

The scanning superconducting quantum interference deSQUID using a pivoted lever rod. The SQUID is etched and
vice (SQUID) microscope is a powerful tool for imaging polished so that the pickup loop is less than a loop diameter
sample magnetic fieldsThis tool has the advantage of high from the sharpened tip of the silicon substrate, which is
sensitivity, but the disadvantages of relatively modest spatialhounted on a flexible cantilever. Both SQUID and sample
resolution, and the requirement that the SQUID sensor berientations are adjusted independently before cooling, so
cooled. This means that either the sample must also be colthat the SQUID substrate plane is tilted at an angle of a few
or that there must be a thermally insulating region betweenlegrees from the sample plane, and the sample plane is
the SQUID and sample. It is desirable to minimize the spacaligned parallel to the scan plane. After alignment, the mi-
ing between the SQUID and sample, because this spacingfoscope is inserted in a stainless-steel vacuum can and
limits the ultimate spatial resolution and sensitivity of the cooled in a Hé bath. HE, which is easier to pump at low
instrument. Recently, several scanning SQUID microscopetemperatures than Heis used as an exchange gas.
have been built which image room-temperature samples us-
ing a thin membrane to isolate hidgh- sensors in a cryo-

genic environment from room-temperature sampiés. Vacuum can He* bath
Sample—SQUID spacings as small as @b have been ]
achieved in these instruments. However, for certain applica- | Scanlever

Vacuum

tions it is desirable to vary the sample temperature. It is also space T

often desirable to reduce the SQUID—sample spacing further
than is possible with a physical barrier between the sample
and the cryogenic environment.

We have built a variable sample temperature scanning Heater Sample mount
SQUID microscope with both the SQUID and the sample in
the same spadsee Fig. 1, with the insulation between them

provided by vacuum.Since in this configuration there is no Sample Thermometer
fundamental limit to how small the spacing between the Cu cantilever | | sQuID
SQUID and sample need be, this optimizes the sensitivity Cu base ——1 - sapphire
and spatial resolution of the instrument. In this letter, data Cu braid ——* SQUID header
were taken with a SQUID—sample spacing of aboutr. SQUID socket
As in previous instrumenfs,we use a lowF, Nb— | \\_ |
AlO,—Nb SQUID with an integrated pickup loop. Three Mini-conflats L - cuplug
room-temperature dc motors scan the sample relative to the i

FIG. 1. Schematic drawing of our variable temperature scanning SQUID
¥Electronic mail: kirtley@us.ibm.com microscope.
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Good thermal contact between the SQUID and thé He (g
bath is maintained through two 1 mm diam silver-plated cop-
per braids. The copper braids are clamped to a copper plu
that passes through the vacuum can into thé blth. The
other ends of the braids are clamped to a silver-plated coppe
base on the SQUID header assembly. A sapphire substrate
glued with silver epoxy to the copper base, the copper can
tilever is glued with silver epoxy to the sapphire, and the
SQUID is attached to the cantilever with a thin coating of
varnish. The SQUID is wire bonded using aluminum wires,
which are heat sunk to the sapphire substrate through ele«
troplated copper contacts. Since the silicon substrate, coppe
and silver are all excellent thermal conductors at low tem-
perature, we estimate that the thermal resistance between tl
SQUID and the H& bath is dominated by the cantilever re- )
sistance. With the Heexchange gas pumped out, the thermal
conductance between the SQUID and sample should be lirr
ited by radiation. In this case, the temperature of the SQUIC
is given by Tsquip= Thatnt U'A(T:ampleJr Tﬁath_TéQUID)/Gl
where 0=5.67x 10 *? W/cn? K* is the Stefan—Boltzmann
constantA is an effective area of the cantilever, a@ds the
cantilever thermal conductance. We estimate the cantileve £
thermal conductance at low temperatures to be about 2. <
x 107 3W/K and A=0.05cnf. Since the SQUID will con-
tinue to function up to about 8 K, this means that in principle  “;

25um

- i =25 0 25 50
the sample temperature can be over 400 K while still oper- Position (um)

ating the SQUID. In practice, there is parasitic thermal con-
ductance between the SQUID and sanpie evidenced by a FIG. 2. (8 Scanning SQUID microscope image of a single Abrikosov vor-

linear relation between our measured SQUID and Samplgax in a thin film of YBgCu;O;_ 5. (b) The open circles are cross-sectlona_ll
L. R X ata through the center of a vortex, for a number of temperatures. The lines
temperaturgs This is possibly due to thermal conduction ge fits to the data.

through the wires to both SQUID header and sample from

the top of the microscope. This parasitic conductance limits Our fits are made as follows: We model a vortex cen-

our sample temperatures to below 150 K before the SQU”%ered atx=y=0 with its axis oriented parallel to theaxis

IS drlvenh.nﬁrmal. bHOvae(;’ (tjhf's tlhs ab usfeful templerature(normal to the planeof a superconducting film of arbitrary
range, which may be extended further by, Tor example, Car€q.; -y nessd with the center of the film az=0. Solutions for
fully heat sinking of the leads.

. ) . the magnetic field and supercurrent generated by a vortex are
As a demonstration of this technique, we present SQUID g P g y

. giyen in Ref. 12 for a vortex whose core size is characterized
microscope measurements of the temperature dependenceb(g)(

S ) : ) . a variational core radius parametgr.’® In the present
|nd|v_|dual Abl’lkOSOV vortices trapped na 300-nm-thick, experiments, the resolution of the SQUID microscope is such
c-axis up films of YBaCu;O;_ s (YBCO). Similar measure-

. ) o that details of the vortex magnetic field on the scale of the
ments, with much lower field sensitivities, have been mad%oherence distance cannot be resolved. We, therefore, can
previously using Hall bafs® and magnetic force : ! ’

. FLE h q safely use the solution in the lim§,— 0 for thez compo-
microscopy.™ For these measurements we used a SQUIR, ot 'of the magnetic field above the surface of the supercon-
with a relatively large pickup loop, a square 178 on a

' : , ductor. This result, also obtained by Chaegal,’ can be
side. This loop size was chosen to make the measuremenig i eq as in Ref. 14 by solving London’s equations for the

less sensitive to errors in the positioning of the tip relative t%iald inside the superconductor and matching the result to a

the vortex. There is no reason that smaller loop sizes cann@bution of Maxwell's equations in the vacuum outside the
be used. Figure (3 shows a typical magnetic image of an sample. The solution is

individual Abrikosov vortex. Superimposed on this image is

a scaled schematic of the pickup loop geometry. For all the do o i ek(diz=2)
measurements presented here, the vortex images are resolu- h,(r,z)= (2 )J : [a+Kooth ad/2)]’
tion limited, since the in-plane penetration depth is shorter Thab ale @ 1)

than the size of the pickup loop. Nevertheless\ggs be-

comes large compared to the film thickness, it can be quarwhere  r={x,y}, k={k, kK }, k= N kyZ, and «
titatively determined from the peak height, even thoagh = k*+ )\;bz.

is small compared to the pickup loop. The open circles in  Note that this solution is independent of the out-of-plane
Fig. 2(b) are cross sections through the center of the vortex gbenetration depth . because the vortex currents flow paral-
various temperatures. The lines in FigbRare fits to these lel to the plane. It reduces to the Pearl results for a half
cross sections, using the in-plane penetration dapthas a  spacé® asd— o, and to the thin-film limit asl—0.251" The

fitting parameter. flux through the SQUID pickup loop is obtained from Ej)
Downloaded 10 Apr 2001 to 147.155.64.74. Redistribution subject to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 74, No. 26, 28 June 1999 Kirtley et al. 4013

4 ; T that our films hadl;'s of 91 K and transition widths of 1 K,
— Kamal et al. whereas the single crystals hdd’'s of nearly 94 K and
i . transition widths of about 0.25 K.
3 ] T Measurements of the temperature dependence of the
* SSM film 1 penetration depth on a local scale may provide a test of the
B N + SSM film 2 T° quality of thin superconducting films that is more stringent
:g .l ; than conventional bulk measurements. It is also of interest to
. compare measurements made with our technique with mea-
1L I.‘ " surements using microwave techniques on the same sample
- o’i to test, for example, for the possibility of vortex motion close
eegrsrngeedsgises to Tc.
0 | In conclusion, we have demonstrated a scanning SQUID
0.70 0.80 0.90 1.00 microscope which can vary the sample temperature well
T, above the critical temperature of the SQUID, with little sac-
YBayCuz075 rifice in spatial resolution or sensitivity. Such instruments

. . _ _should have a number of applications in areas well beyond
FIG. 3. Comparison of values for the in-plane penetration depth derlvedS PP y

from fitting scanning SQUID microscopSSM) images for two different the StUdy of superconductors.

YBCO films, with microwave data from Ref. 18 for a single crystal of . . .
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